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University Participants 
 
The Pennsylvania State University  

• PI: Kenneth S. Brentner, Professor of Aerospace Engineering 
• FAA Award Number: 13-C-AJFE-PSU-049, Amendment No. 66 
• Period of Performance: October 1, 2020, to September 30, 2021 
• Tasks: 

6. Complete coupling of DEPSim flight simulation software with Comprehensive Hierarchical Aeromechanics 
Rotorcraft Model (CHARM) and PSU-WOPWOP noise prediction code 

7. Validate the new flight simulation/noise prediction system 
8. Develop several notional urban air mobility (UAM)/electric vertical takeoff and landing (eVTOL) aircraft models 

for noise testing 
9. Develop and test trim strategies for notional UAM/eVTOL vehicles 
10. Begin compilation of noise predictions for notional UAM and eVTOL vehicles during various stages of 

operation 
11. Evaluate the computational algorithm for efficient processing of many rotors and noise-generating bodies 

 

Project Funding Level  
FAA provided $280,000 in funding. The Pennsylvania State University (PSU) provided $148,213 faculty academic year cost-
sharing and $110,000 equipment cost-sharing.1 
 

Investigation Team 
• Kenneth S. Brentner, PI, The Pennsylvania State University; acoustic prediction lead on all tasks. 
• Eric Greenwood, co-PI, The Pennsylvania State University; acoustics prediction/analysis supporting acoustic tasks. 
• Joseph F. Horn, co-PI, The Pennsylvania State University; flight simulation lead supporting flight simulation tasks 
• Daniel A. Wachspress and Mrunali Botre, co-PIs, Continuum Dynamics Inc. (CDI); responsible for rotor loads, wake 

integration, and CHARM coupling 
• Ze Feng (Ted) Gan, graduate research assistant, The Pennsylvania State University; primarily responsible for 

developing PSU-WOPWOP noise prediction software and performing acoustic predictions (Tasks 6, 7, 11) 
• Bhaskar Mukherjee, graduate research assistant, The Pennsylvania State University; primarily responsible for 

software coupling, establishing new aircraft models, developing simulations for new aircraft types, performing 
acoustic predictions, and developing flight abatement procedures (Tasks 6–10) 

 

	
1	The cost sharing is less than 100% for Project 49 because the cost sharing for Project 38 is greater than needed. When combined, the 
total cost share for Projects 38 and 49 is 100%, matching the government funds. This was done so CDI did not need to report the cost 
sharing as multiple parts for the two projects.	



	
	

	
 

Project Overview 
A wide variety of unconventional configurations for urban air mobility (UAM)/electric vertical takeoff and landing (eVTOL) 
aircraft, with many electrically driven propellers and lifting rotors, have been proposed and are currently under development 
by companies worldwide. These novel configurations make up a new category of aircraft that will need to be certified, 
especially for acceptable noise levels, given their urban operations. Furthermore, the noise of UAM and eVTOL vehicles is 
expected to be one of the determining factors for community and passenger acceptance. Therefore, first-principles noise 
predictions of these aircraft will be important for providing information that is independent from manufacturers for the FAA, 
and before manufacturer flight test or certification noise data are available. 
 
In ASCENT Project 38, the helicopter noise prediction system initially developed in ASCENT Project 6 was successful in 
accurately predicting the noise of six helicopters (usually within 1-3 dB of the sound exposure level [SEL]), when comparing 
the predictions to flight test results from an FAA/NASA rotorcraft noise abatement flight test that was carried out in August 
and October 2017. The SEL contours from the flight tests were compared with predictions for several flight procedures. This 
noise prediction system developed in Project 38 consisted of the PSUHeloSim flight dynamics simulation code coupled to the 
CHARM aeromechanics modeling software and the PSU-WOPWOP noise prediction code. This coupling with the flight 
simulation code was shown to be important for noise predictions, which improved noticeably when the simulation was 
modified to track the time-dependent aircraft position, velocity, and attitude flown in the individual run, rather than the 
nominal flight path. 
 
To build upon the success of ASCENT Project 38, an analogous approach of coupling a flight simulation code with CHARM 
and PSU-WOPWOP is taken in this ASCENT Project 49. In this project, the PSUHeloSim flight simulation component of the 
noise prediction system used in Project 38 is replaced with DEPSim, a flight simulation code designed for many electrically 
driven rotors and the unique control strategies to fly such vehicles effectively. Coupling of DEPSim with CHARM was done in 
work outside of ASCENT, but the DEPSim-CHARM coupling with PSU-WOPWOP will be performed in this project. 
 
In previous work for ASCENT Project 38, the initial capability to analyze the noise from UAM and eVTOL vehicles with unique 
configurations under any flight condition was initiated. This will enable the FAA, manufacturers, and related entities to 
investigate how this new class of vehicles—and their noise—might be integrated into the national airspace. Emphasis was 
placed on modeling the unique features of UAM and eVTOL configurations not commonly seen in conventional rotorcraft, 
such as variable rotation speed rotors and complex unsteady aerodynamic interactions between the many rotors and 
airframe. UAM vehicles will likely have lower tip speeds to achieve acceptable noise levels, so broadband noise is expected 
to become the dominant rotor noise source; therefore, fast, accurate modeling of rotor broadband noise was undertaken. 
Another goal of this project is to use the noise prediction system developed to provide guidance on how to fly these vehicles 
quietly through flight operations. As the analysis and computations are based on fundamental physics, noise abatement 
procedures for novel new vehicles can be developed.  
 
The objective of this continuing project is to proceed toward the extension of the flight simulation/noise prediction system 
developed in ASCENT Project 6, “Rotorcraft Noise Abatement Operating Conditions Modeling,” and refined in ASCENT Project 
38, “Rotorcraft Noise Abatement Procedures Development.” The new flight simulation software DEPSim (Distributed Electric 
Propulsion Simulation) is similar in structure to the PSUHeloSim code used in the previous ASCENT Project 6 and Project 38 
efforts, but DEPSim is capable of modeling multiple interacting rotors driven by variable-speed electric motors along with 
their interactions with lifting surfaces. Completion of this change in flight simulation elements and coupling with PSU-
WOPWOP will require testing and validation to provide confidence in the enhanced system. The trim strategies and control 
allocation schemes for DEP configurations are also different from those for helicopters and may be nonunique, and the new 
sim code can analyze these alternative control strategies. Testing and evaluation of the flight simulation system been initiated 
but more will be required. 

 
Task 6 - Complete Coupling of PSUDEPSim Flight Simulation Software with 
CHARM and PSU-WOPWOP 
The Pennsylvania State University 
 
Objectives 
The goal of this task is to couple the new flight simulation PSUDEPSim (flight simulator) with both the CHARM rotor module 
(higher fidelity airloads) and PSU-WOPWOP (noise prediction) as was done in ASCENT Project 6 for helicopter noise prediction 



	
	

	
 

(PSUHeloSim/CHARM/PSU-WOPWOP). The UAM/eVTOL flight simulation/noise prediction tool must also consider the noise 
generated by unsteady airloads on the airframe, typically caused by aerodynamic interactions with propellers or rotors. These 
interactions will change with flight condition. This task will complete the work begun in the first year of Project 49. 
 
Research Approach 
Analogous to the PSUHeloSim system, the PSUDEPSim flight simulator has been coupled with the CHARM rotor module 
(Theron, Horn, & Wachspress, 2020). This enables the flight simulator to capture necessary interactional effects between 
several moving components reasonably. Using DEPSim, a variety of control schemes will be explored to study the trim 
envelope. Based on experience from noise abatement strategies developed in ASCENT Project 38, control schemes with 
potential for noise reduction will be studied further. The impact of variable revolution per minute (RPM) and variable collective 
pitch control schemes is expected to be an important factor. Real-time flight unsteadiness, such as gust (Theron, Horn, 
Wachspress, & Enciu, 2020), will also be included to study its impact on noise.  
 

Milestones 
Milestones achieved for this task are (1) making the noise prediction system more robust for higher speed maneuvers; and 
(2) robust coupling for new configurations: new configurations do not require external modifications to set up the coupling. 
 

Major Accomplishments 
The code from Task 1 was updated to be more robust. The PSUDEPSim flight controller was updated to handle a wider range 
of aggressive maneuvers. The coupling was also updated to process new configurations without any modifications in the 
source code required. A series of pilot commands along a time vector is used to fly the DEP aircraft. The generic eVTOL 
configuration (Figure 1a) was flown by giving a −20° roll angle pilot command to simulate a 50 knots turn maneuver (Figure 
2). 

 
 
Figure 1. Urban air mobility (UAM)/electric vertical takeoff and landing (eVTOL) aircraft models currently available for noise 

simulation. (a) Generic eVTOL configuration; (b) NASA Lift + Cruise. 
 
An aircraft pitch command was used to override the default actions of the trim scheduler. This provides control of the 
distribution of aircraft weight between the generation of rotor thrust and wing lift (Figure 3b). As a compound eVTOL aircraft, 
this is just one of the possible choices to achieve trimmed flight. Two rotor thrust control schemes are used to control the 
hover rotors: (1) variable angular speed, constant collective pitch (varrpm) and (2) variable pitch, constant angular speed 
(varpitch). The impact of rotor thrust control scheme can be first seen in the rotor thrust generation (Figure 4), and the 
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resultant deterministic noise from the five rotors (Figure 1a) throughout the maneuver is shown in Figure 5. While the DEPSim-
PSUWOPWOP system provides data for broadband noise (BPM), the results have not been investigated yet. 
 

 
Figure 2. Fifty knots turn maneuver with generic electric vertical takeoff and landing (eVTOL): Trajectory (left), aircraft 

velocity magnitude (right). varrpm = variable angular speed, constant collective pitch; varpitch = variable pitch, constant 
angular speed. 

 
 

 
Figure 3. Fifty knots turn maneuver: Aircraft pitch (left), combined hover rotor thrust and wing lift (variable rpm, center:; 

variable pitch, right).  
 
 

 
Figure 4. Fifty knots turn maneuver: Rotor thrust: variable RPM (left), variable pitch (right). 

 

	
	

	

	
	

	
	



	
	

	
 

 
Figure 5. Fifty knots turn maneuver: Overall sound pressure level from variable RPM (top), and variable pitch (bottom). 

 
Aperiodic time-varying broadband noise prediction capabilities of PSU-WOPWOP are currently being developed and coupled 
to the noise prediction system. This is because the time variation of broadband noise within a rotor period has been found 
to be relevant for noise levels (from the previous year’s work for Project 49) and human perception (Christian et al., 2019).  
 
The physical mechanisms responsible for this time variation of broadband noise within a rotor period were investigated for 
a single 4-bladed, model-scale rotor operating in hover with a tip Mach number of 0.6, with only the outermost 20% blade 
span considered. Figure 6a shows the full broadband noise spectrogram; retarded-time effects and convective amplification 
are individually removed in Figures 6b and 6c, respectively. Figure 6 demonstrates that, for this specific case, convective 
amplification increases the amplitude of the broadband noise but does not have as much impact on the modulation as 
retarded-time effects. 

 

 
(a) (b) (c) 

   

Figure 6. Spectrograms demonstrating effects of isolating physical mechanisms contributing to amplitude modulation. (a) 
Total baseline noise; (b) retarded-time effects removed; (c) convective amplification removed. 

 

	
			 										 (a)	t	=	30	–	30.5s							 (b)	t	=	43–	43.5s								 (c)	t	=	49	–	49.5s																		(d)	t	=	64	–	64.5s	

	
(i)	t	=	30	–	30.5s							 (j)	t	=	43–	43.5s										 (k)	t	=	49	–	49.5s																(l)	t	=	64	–	64.5s	

	



	
	

	
 

Publications 
Published conference proceedings 
Gan, Z. F. T., Brentner, K. S., & Greenwood, E. (2021, January 26-28). Time variation of rotor broadband noise [Presentation]. 

Vertical Flight Society 8th Annual Electric VTOL Symposium.  
Mukherjee, B., Gan, Z. F. T., Theron, J.-P., Botre, M., Brentner, K. S., Greenwood, E., & Horn, J. F. (2021, May 11-13). A new 

distributed electric propulsion aircraft simulation tool for coupled flight dynamics, free wake, and acoustic 
predictions [Presentation]. Vertical Flight Society 77th Annual Forum & Technology Display. 

 
Outreach Efforts 
None.	
 
Awards 
None. 
 
Student Involvement  
Bhaskar Mukherjee, a graduate assistant starting his PhD at PSU, is working on coupling DEPSim with PSU-WOPWOP and 
developing a robust release version for usage in Project 49 and other FAA projects. 
 
Ze Feng (Ted) Gan, a graduate assistant who recently completed his master’s degree and started his PhD program at PSU, is 
working on broadband noise and its time variation. 
 
Plans for Next Period 
Using the data currently provided from the DEPSim-PSUWOPWOP noise production system, contribution of nonrotary 
components, such as wing and vertical and horizontal tail, will be integrated into current noise calculations from rotors. 
Aperiodic time-varying broadband noise prediction capabilities of PSU-WOPWOP will continue to be developed and coupled 
into the noise prediction system. The time variation of rotor broadband noise for realistic UAM aircraft will be simulated and 
analyzed. The physical mechanisms causing the modulation (e.g., relative contributions of convective amplification and 
retarded-time effects) will be analyzed for a wider variety of cases. 
 
New broadband noise models may be integrated into the noise prediction system: presently, only airfoil self-noise is modeled, 
whereas ingestion and blade-wake interaction (BWI) noise are not. However, to justify the integration of models for additional 
broadband noise sources, the importance of these noise sources to the total vehicle broadband noise and its time variation 
must first be explored. This study on the relevance of different time-varying broadband noise sources is a high-priority, 
immediate next step that has recently been initiated. Presently, the Bell 206 helicopter flight test noise measurements 
(Schmitz et al., 2007) are being analyzed for their time-varying broadband noise characteristics. Studying the time variation 
of broadband noise of helicopter rotors will provide insight into the time variation of broadband noise of UAM rotors, which 
are expected to experience greater aerodynamic interactions due to the geometric configurations of proposed UAM aircraft. 
 
References 
Christian, A., Caston, J., Greenwood, E., & Branch, A. (2019, May 13-16). Regarding the perceptual significance and 

characterization of broadband components of helicopter source noise [Presentation]. Vertical Flight Society 75th 
Annual Forum & Technology Display, Philadelphia, PA. 

Schmitz, F. H., Greenwood, E., Sickenberger, R. D., Gopalan, G., Sim, B. W.-C., Conner, D. A., Moralez, E., & Decker, W. (2007, 
May 1-3). Measurement and characterization of helicopter noise in steady-state and maneuvering flight [Presentation]. 
American Helicopter Society 63rd Annual Forum, Virginia Beach, VA.  

Theron, J.-P., Horn, J. F., & Wachspress, D. (2020, January). An integrated simulation tool for e-VTOL aeromechanics and 
flight control analysis [Presentation]. 2020 VFS Aeromechanics for Advanced Vertical Flight Technical Meeting, San 
Jose, CA. 

Theron, J.-P., Horn, J. F., Wachspress, D., & Enciu, J. (2020, October). Nonlinear dynamic inversion control for urban air 
mobility aircraft with distributed electric propulsion [Presentation]. Vertical Flight Society 76th Annual Forum & 
Technology Display, Virginia Beach, VA. 

  



	
	

	
 

Task 7 - Validate the New Flight Simulation/Noise Prediction System 
The Pennsylvania State University 
 
Objective 
The objective of this task is to validate the new flight simulation/noise prediction system with reference measured data. This 
will provide confidence in the predictions and may point to areas where improvements are needed. 
	
Research Approach 
In this task, the new DEPSim-based noise prediction system will be used to model helicopters that were flown in the 2017 
and 2019 FAA/NASA noise abatement flight tests. Comparisons will be made both with the previously developed PSUHelosim-
based noise prediction system and the flight test data. The new DEPSim-based noise prediction system will also be used to 
model a hovering multirotor unmanned aerial system (UAS), and the predictions validated against measured data collected 
at PSU. 
 
Currently, the DEPSim system is not capable of modeling a traditional helicopter because it does not include modeling of the 
traditional turboshaft engine system. This is something that needs to be explored to see whether the DEPSIM system can be 
enhanced. PSU is collecting acoustic data for UAS vehicles in ASCENT Project 77, but the data were not ready for use during 
this year’s effort. 
 

Milestone 
We achieved strong qualitative agreement between the time-varying broadband noise predictions of PSU-WOPWOP and 
processed helicopter flight test noise measurements. 
 
Major Accomplishments 
To determine the extent to which the time-varying broadband noise predictions of PSU-WOPWOP are realistic, the Bell 206 
flight test case studied in Christian et al. (2019) was simulated in PSU-WOPWOP, with input files from the HeloSim system 
developed and validated in ASCENT Project 38 (Botre et al., 2019). Details of the original flight test can be found in Schmitz 
et al. (2017). Only the main rotor was studied, as the data processing method of Christian et al. (2019) involves synchronous 
averaging of main rotor blade passages, which averages out the tail rotor noise. 
 
The overall noise levels of the PSU-WOPWOP predictions (Figure 7b) are lower than those of the processed flight test data 
(Figure 7a) by up to approximately 5-10 dB across all frequencies; this might be expected because the PSU-WOPWOP 
predictions only include blade self-noise, whereas the flight test data include other noise sources, such as tones from blade 
passage frequency harmonics and engine noise, turbulence ingestion noise, and wind over the microphone. Despite these 
differences, Figures 1 and 8 share a similar modulation trend/shape, and an amplitude modulation of about 15 dB. In 
summary, the overall trends/shape and range of amplitude modulation observed in the time-varying spectrum predictions 
match with experimental data, supporting that the predictions are realistic. 
 
Noise due to variable rotor speed was studied analytically and numerically. Analytical manipulation of the governing equation 
for rotor thickness noise (the thickness noise component of Farassat’s Formulation 1A) found that for realistic angular 
accelerations (limited by rotor inertia and motor torque) expected of UAM aircraft, thickness noise due to variable rotor 
speed can be thought of as “quasi-steady”: at any instant in time, the noise of a rotor undergoing angular acceleration is 
equivalent to the same rotor with constant rotor speed equal to the instantaneous rotor speed (i.e., angular acceleration 
contributes little thickness noise at any instant in time). These findings were confirmed in computational predictions using 
PSU-WOPWOP for a notional UAM rotor undergoing realistic sinusoidal variations in rotor angular speed observed in DEPSim 
flight simulations (see Figure 8). Validation of these findings would be useful and is planned for future work. 



	
	

	
 

 
 

(a)  (b)  
 

Figure 7. Broadband noise spectrogram for Bell 206 helicopter in 60 knots level forward flight. (a) Processed flight test 
data (Christian et al., 2019); (b) PSU-WOPWOP prediction. 

 

 
 

(a) (b)  
 

Figure 8. Thickness noise for isolated hovering rotor with sinusoidal rotor speed variation. (a) Total baseline thickness 
noise; (b) thickness noise calculations neglecting angular acceleration. 

 
Publications 
Published conference proceedings 
Gan, Z. F. T., Brentner, K. S., & Greenwood, E. (2021, January 26-28). Time variation of rotor broadband noise [Presentation]. 
Vertical Flight Society 8th Annual Electric VTOL Symposium.  



	
	

	
 

Mukherjee, B., Gan, Z. F. T., Theron, J.-P., Botre, M., Brentner, K. S., Greenwood, E., & Horn, J. F. (2021, May 11-13). A new 
distributed electric propulsion aircraft simulation tool for coupled flight dynamics, free wake, and acoustic predictions 
[Presentation] Vertical Flight Society 77th Annual Forum & Technology Display.	

 
Outreach Efforts 
None. 
 
Awards 
None. 
 
Student Involvement  
Bhaskar Mukherjee, a graduate assistant starting his PhD at PSU, is working on coupling DEPSim with PSU-WOPWOP and 
developing a robust release version for usage in Project 49 and other FAA projects. 
 
Ze Feng (Ted) Gan, a graduate assistant who recently completed his master’s degree and started his PhD program at PSU, 
worked on time-varying broadband noise and thickness noise due to variable speed for this task. 
 
Plans for Next Period 
Further comparison of time-varying broadband noise predictions with noise measurements will be performed. Presently, Bell 
206 helicopter flight test noise measurements (Schmitz et al., 2007) are being analyzed for their time-varying broadband 
noise characteristics. If their data are available (e.g., from ASCENT Project 77), flight test noise measurements from small 
UAS and/or UAM aircraft may serve as useful cases for validating the time-varying broadband noise predictions of the noise 
prediction system.  
 
The analysis and computational predictions of noise due to variable rotor speed will be validated using data from higher 
fidelity simulations (e.g., CHARM) and/or experimental noise measurements. 
 

References 
Botre, M., Brentner, K. S., Horn, J. F., & Wachspress, D. (2019, May 13-16). Validation of helicopter noise prediction system	with flight 

data [Presentation]. Vertical Flight Society 75th Annual Forum & Technology Display, Philadelphia, PA.  
Christian, A., Caston, J., Greenwood, E., & Branch, A. (2019, May 13-16). Regarding the perceptual significance and 

characterization of broadband components of helicopter source noise [Presentation]. Vertical Flight Society 75th 
Annual Forum & Technology Display, Philadelphia, PA. 

Schmitz, F. H., Greenwood, E., Sickenberger, R. D., Gopalan, G., Sim, B. W.-C., Conner, D. A., Moralez, E., & Decker, W. (2007, May 1-
3). Measurement and characterization of helicopter noise in steady-state and maneuvering flight [Presentation]. American 
Helicopter Society 63rd Annual Forum, Virginia Beach, VA. 

  



	
	

	
 

Task 8 - Develop Several Notional UAM/eVTOL Aircraft Models for Noise 
Testing 
The Pennsylvania State University 
 
Objective 
In this task, several notional UAM/eVTOL vehicle models will be developed and tested. For expediency, nominal 
configurations used in related work, used by CDI, and those proposed by NASA will be potential sources of example cases. 
The vehicle models will be tested, and the initial/baseline trim and noise levels will be determined for hover, transition to 
forward flight, and level cruise. 
 
Research Approach 
As new aircraft are studied, they will be developed into new UAM/eVTOL aircraft. Extension of the flight control system in 
PSUDEPSim will require development of new flight controllers in many cases. 
 
Milestone 
Integrating a new aircraft with DEPSim-WOPWOP system. 
 
Major Accomplishments 
Two DEP aircraft are currently available to be simulated by the DEPSim-PSUWOPWOP noise predictions system: a generic 
eVTOL and NASA Lift + Cruise configuration (Figure 9). Both configurations are compound aircraft, with hover rotors 
controlled by variable angular speed-constant pitch (varrpm) and variable pitch-constant angular speed (varpitch). Relevant 
properties of the aircrafts are provided in Table 1.  
 

 
Figure 9. Urban air mobility (UAM)/electric vertical takeoff and landing (eVTOL) aircraft models currently available for noise 

simulation. 
 

Table 1. Properties of configurations currently compatible with DEPSim-PSUWOPWOP system. 
 

Parameter Generic eVTOL NASA Lift + Cruise 
Number of lift rotors 4 8 
Number of pusher propeller 1 1 
Gross weight 1000 lbs 7270 lbs 

Lift rotor radius 2.82 ft 0.42 ft 

Pusher prop radius 2.82 ft 0.375 ft 

	
	



	
	

	
 

Publications 
Published conference proceedings 
 
Outreach Efforts 
None. 
 
Awards 
None. 
 
Student Involvement  
Bhaskar Mukherjee, a graduate assistant starting his PhD at PSU, is working on coupling DEPSim with PSU-WOPWOP and 
developing a robust release version for usage in Project 49 and other FAA projects. 
 
Plans for Next Period 
The DEPSim-PSUWOPWOP system is currently robust enough to integrate new vehicles without any external interference. 
More aircraft designs will be integrated subject to the design of aircraft flight controllers robust enough to fly a range of 
maneuvers. 

 
Task 9 - Develop and Test Trim Strategies for Notional UAM/eVTOL 
Vehicles 
The Pennsylvania State University 
 
Objectives 
UAM/eVTOL vehicles have significant control redundancy inherent in their design. This includes not only multiple propellers 
and rotors, but also lifting surfaces, such as wings and tail surfaces. As a result, the trim of the vehicle is not unique; hence, 
some strategies to determine an “optimal” trim will be required. In this task, alternative trim approaches will be developed 
and demonstrated. Baseline performance-oriented trim strategies will be compared with trim for maximum noise reduction. 
These trim strategies and their use in anticipated flight operations will be evaluated in the Penn State flight simulation facility 
to test feasibility for practical UAM operations. 
 
Research Approach 
The past year was spent studying trim strategies for the generic eVTOL aircraft. This compound aircraft has three primary 
ways to control trim: hover rotor thrust, aircraft pitch attitude, and cruise propeller thrust. The forward flight speed of the 
aircraft is primarily controlled by controlling the cruise propeller thrust. Keeping the forward flight speed constant, the 
aircraft is then controlled by varying the aircraft pitch attitude and hover rotor thrust. At any instant, trimmed aircraft flight 
requires vertical force generated by hover rotors and wing to balance the aircraft weight. This allows the required vertical 
thrust to be divided between the hover rotors and wing, resulting in an under-prescribed system with an infinite range of 
trim solutions. This task explores different strategies in controlling hover rotor thrust and aircraft pitch attitude. 
 
Milestones 
Explored the following trim strategies: (1) hover rotor thrust control schemes: variable RPM, variable pitch, mixed variable 
RPM and pitch scheme; (2) hover rotor controller bias, (3) aircraft-specific trim strategies: impact of variation of aircraft pitch 
attitude on noise. 
 
Major Accomplishments 
Impact of hover rotor thrust control scheme on noise 
At any instant, the thrust of hover rotors in the generic eVTOL aircraft (Figure 1) can be controlled by varying their angular 
velocity (varrpm) or varying their blade collective pitch (varpitch). The method of control substantially determines the nature 
of noise.  The control strategy influence on rotor thrust levels and rotor kinematic state variables varies with scheme. Figure 
10 shows the thrust levels generated by hover rotors in 50 knots level cruise. The combined hover rotor thrust levels (Figure 
10b) show that the variable RPM thrust levels are nominally the same as the variable pitch scheme. The greater degree of 
fluctuations observed for the variable pitch scheme can be explained by the hover rotors being in phase. Individual hover 



	
	

	
 

rotor thrust levels for the variable RPM scheme (rotor 3,4) are found to have slightly higher thrust levels than those in the 
variable pitch scheme. 
 

   
Variable RPM Variable Pitch  

(a)	 (b)	 
 
Figure 10. Fifty knots turn maneuver (aircraft pitch 0°). (a) Individual hover rotor thrust; (b) combined hover rotor thrust vs 

wing lift.  
 

 
Figure 11. Fifty knots turn maneuver (aircraft pitch 0°): Effect of hover rotor thrust control scheme. 

(a–d) Variable RPM scheme; (e–h) variable pitch scheme. 
 
Figure 11(a–d) shows that the variable RPM scheme has larger area noise contours than the variable pitch scheme (Figure 
11(e–h)). A closer examination of individual rotor noise levels in level cruise (30–30.5 s) is shown in Figure 12. The variable 
pitch scheme can be observed to have higher constructive interference due to the constant rotor phase, while the variable 
RPM scheme has more of an incoherent interference pattern (i.e., it lacks the “lobes” seen in the variable pitch (constant RPM) 
case. 
 

	
			 										 (a)	t	=	30	–	30.5s							 (b)	t	=	43–	43.5s								 (c)	t	=	49	–	49.5s																		(d)	t	=	64	–	64.5s	
	

	
(e)	t	=	30	–	30.5s							 (f)	t	=	43–	43.5s										 (g)	t	=	49	–	49.5s																(h)	t	=	64	–	64.5s	

	
 



	
	

	
 

 
Figure 12. Fifty knots turn maneuver (aircraft pitch 0°): Individual hover rotor thrust levels. (a–d) Variable RPM scheme; (e–

h) variable pitch scheme. 
 
Impact of hover control bias on noise 
Another approach to controlling the noise from hover rotors is shifting the hover rotor bias. The variable RPM and variable 
pitch control schemes have an inherent bias: a blade trim parameter that stays constant throughout the simulation. The 
variable RPM scheme has a constant blade pitch, while the variable pitch scheme has a constant rotor RPM. Figure 13 shows 
the impact of shifting hover control bias for the variable RPM scheme, where the rotors have blade pitch angles of 5° (Figure 
13 a, c) and 7° (Figure 13 b, d). Increasing the blade pitch enables the controller to generate the same thrust from a hover 
rotor with lower angular velocity. This uniquely results in slightly lower peak thrust levels of rotors 3 and 4. The decrease in 
rotor angular velocity and lowering of peak rotor thrust levels lowers noise levels (Figure 13), with the impact more visible 
in individual rotor noise levels (Figure 14). 
 

 
Figure 13. Fifty knots turn maneuver (aircraft pitch 0°): Effect of shifted controller bias 
(a, c) Variable RPM scheme: 5° blade pitch; (b, d) variable RPM scheme: 7° blade pitch. 

 
 

	
		 										 (a)	Rotor	4							 	 (b)	Rotor	3								 	 (c)	Rotor	2																			 (d)	Rotor	1	

	
	 										 (e)	Rotor	4							 	 (f)	Rotor	3								 	 (g)	Rotor	2																			 (h)	Rotor	1	

	

			 			 		 	
				 													(a)	 	 	 										(b)	 	 	 													(c)	 	 	 			(d)	

 



	
	

	
 

 
Figure 14. Fifty knots turn maneuver (aircraft pitch 0°): Effect of shifted controller bias. 
(a–d) Variable RPM scheme: 5° blade pitch; (e–h) variable RPM scheme: 7° blade pitch. 

 
 

 
Figure 15. Fifty knots turn maneuver (aircraft pitch 0°): Effect of shifted controller bias. 

(a, c) Variable pitch scheme: 𝜔 = 	155	rad/s; (b, d) variable pitch scheme: 𝜔 = 	170	rad/s. 𝜔 = base rotor angular velocity. 
 
 
Like the variable RPM scheme, shifting the hover bias in the variable pitch scheme has a significant impact on noise. Figure 
15 shows that increasing the base rotor angular velocity (𝜔) results in higher noise levels, correlating with the increased 
rotor thrust levels (and higher tip-Mach numbers). 
 
Impact of aircraft pitch attitude on noise 
As described earlier, the compound configuration of the generic eVTOL aircraft results in an under-prescribed system with 
an infinite range of trim solutions. One of the major drivers is the distribution of vertical thrust requirement between the 
hover rotors and wing. Figures 10-15 show the noise levels from hover rotors when the aircraft is pitched at 0°. This results 
in hover rotors having to generate most of the thrust required to balance the aircraft weight. Alternatively, the aircraft can 
be pitched such that the wings generate more lift, relieving the hover rotors to generate lower thrust levels. Figure 16 shows 
two such conditions, where the wing generates lower lift (Figure 16a) with the aircraft pitched at ≈ 3.85° and the wing 
generates higher lift (Figure 16b) with the aircraft pitched at ≈ 7.48°. The near doubling of pitch results in increased wing lift 
resulting in lowered rotor thrust levels. The impact of this can be directly observed in significantly lowered noise levels and 
areas of Figures 17 and 18 compared to Figure 11, where the same 50 knots turn maneuver is executed by keeping the 
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aircraft pitch 0°. The control of hover rotor thrust levels is reduced by exploiting the compound nature of the aircraft 
providing another promising path forward, where the nonunique trim of the aircraft can be exploited in a maneuver to control 
noise levels. It should be noted that the wing noise contributions have not yet been accounted for. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

	
(a) Aircraft	pitch	≈ 3.85°	

	
(b) Aircraft	pitch	≈ 7.48°	

	
Figure 16. Combined hover rotor thrust and wing lift levels.	



	
	

	
 

Figure 18. Fifty knots turn maneuver (aircraft pitch 7.48°): Effect of hover rotor thrust control scheme. 
(a–d) Variable RPM scheme; (e–h) variable pitch scheme. 

 
Publications 
None. 
 
Outreach Efforts 
None. 
 
Awards 
None. 
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Figure 17. Fifty knots turn maneuver (aircraft pitch 3.85°): Effect of hover rotor thrust control scheme. 

(a–d) Variable RPM scheme; (e–h) variable pitch scheme. 
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Student Involvement  
Bhaskar Mukherjee, a graduate assistant starting his PhD at PSU, is working on coupling DEPSim with PSU-WOPWOP and 
developing a robust release version for usage in Project 49 and other FAA projects. 
	
Plans for Next Period 
The differences in acoustic interference of noise signals from different rotors arising due to rotor thrust control scheme will 
serve as an important basis for development of noise-aware trim strategies. The nonunique trim of the aircraft also allows 
another degree of control over noise levels. However, further work needs to be done by including wing noise and broadband 
noise levels emitted from both components. 

 
Task 10 - Begin Compilation of Noise Predictions for Notional UAM and 
eVTOL Vehicles During the Various Stages of Operation 
The Pennsylvania State University 
 
Objective 
The goal of this task is to begin building a database of predictions that are performed throughout this work, which can be 
used to provide basic configuration, operation, and noise details to inform the users of the database what to expect from 
eVTOL noise. 
 
Research Approach 
In this task, the data generated in Tasks 7 and 9 will be compiled into a database of vehicle models and noise predictions 
for various aircraft. Documentation of the “database,” its contents, and how to add more vehicle data to the database will be 
developed. It is envisioned that this database will be sufficient to make comparisons between vehicle concepts and operating 
conditions and could be used to as part of a model of the community noise impacts of UAM operations. 
 
Milestones 
None. 
 
Major Accomplishments 
The noise predictions to date do not include broadband noise; therefore, none of the predictions are suitable for a database 
yet. Broadband noise is important because it is likely a dominant, if not the dominant, noise source for civil operations. 
 
Publications 
None. 
 
Outreach Efforts 
None. 
 
Awards 
None. 
 
Student Involvement  
Bhaskar Mukherjee, a graduate assistant starting his PhD at PSU, is working on coupling DEPSim with PSU-WOPWOP and 
developing a robust release version for usage in Project 49 and other FAA projects. 
	
Plans for Next Period 
As noise predictions begin to include broadband noise, wing noise, interaction noise, and so on, a noise database will be 
established. The format and location of the database will be decided and updated as experience is gained. The full 
computational model will be available to users, along with the simulation system predictions. 
  



	
	

	
 

Task 11 - Computational Algorithm Evaluation for Efficient Processing of 
Many Rotors and Noise-Generating Bodies 
The Pennsylvania State University 
 
Objective 
This task will evaluate the effectiveness of the computational algorithm, especially for many rotors and airframe noise-
generating bodies used in the noise prediction system. In particular, during a PSU-WOPWOP noise prediction, as the number 
of rotors and noise-generating airframe components increases, the computational demands can increase 
significantly. Furthermore, aerodynamic interactions between components can also increase computational 
requirements, and calculating the noise-optimal trim condition of the vehicle may require many iterations of the acoustic 
prediction method. This task will evaluate the potential for modeling approximations to ensure that the computations do 
not become too long for practical application and that any approximations made still capture the key physics.  
 
Research Approach 
The research approach taken will be to first use a code profiler to identify which parts of the computational algorithm serve 
as bottlenecks for noise prediction of UAM and eVTOL aircraft. These computational bottlenecks will be the focus of efforts 
to make the code more efficient, including techniques to make the code parallel. The eVTOL aircraft design attributes will 
also be considered as part of the study on the computational algorithm, with the goal of using appropriate knowledge of the 
number of noise-producing components (rotors, wings, etc.), as part of the algorithm design of the noise prediction system 
in order to reduce computational bottlenecks. 
 
Computational efficiency is especially important for implementing the data structures and algorithms needed to predict and 
store time-varying broadband noise, which is currently being coupled into the noise prediction system as part of Task 6. 
These data structures and algorithms pertaining to time-varying broadband noise must be compatible with data structure 
changes made for Project 38, and compatible with possible future expansion to include additional broadband noise sources, 
such as turbulence ingestion noise. In particular, object-oriented programming practices are being considered. Candidate 
data structures and algorithms must be evaluated for their accuracy and speed using unit tests, which are currently being 
developed. 
 
Milestones 
Evaluating data structures and algorithms pertaining to time-varying broadband noise predictions in PSU-WOPWOP is a work 
in progress. 
 
Aside from that work, this task has not yet been started. The milestones for this task will be to (1) investigate where any 
bottlenecks appear in the noise predictions system, both for configurations with a low number of rotors and eVTOL 
configurations with up to 10 rotors, and other noise-generating surfaces; (2) review the configuration components and assess 
whether the computational algorithms can be improved by taking the aircraft configuration into account, especially in 
developing parallel processing strategies. 
 
Major Accomplishments 
None. 
 
Publications 
None. 
 
Outreach Efforts 
None. 
 
Awards 
None. 
 



	
	

	
 

Student Involvement  
Ze Feng (Ted) Gan, a graduate assistant who recently completed his master’s degree and started his PhD program at PSU, is 
working on evaluating computational efficiency for time-varying broadband noise data structures and algorithms. Ted will 
also perform the remainder of this task. 
 
Plans for Next Period 
The computational efficiency of time-varying broadband noise data structures and algorithms will continue to be evaluated. 
The remainder of task will be initiated after completion of Task 6, using the planned research approach. 


